We investigated the spatial pattern of A. raddiana in the Negev desert of Israel in order to gain insights into the factors and processes driving the dynamics of this species. Using a scale-dependent measure, the ring statistic, we analysed both patterns observed in the field and time series of spatial tree distributions produced by a simulation model. In the field, random spacing was the predominant pattern observed. However seedlings were clumped on small scales. We ran the model under two contrasting scenarios representing hypotheses that explain the clumping of seedlings and the random distribution of trees. One hypothesis is that there is spatial heterogeneity in seed distribution, germination and seedling mortality, but that these heterogeneities are not correlated with each other in space. The second hypothesis assumes a correlation between these heterogeneities leading to areas suitable for establishment. However, the suitability of the sites is temporally variable. Furthermore, the second hypothesis assumes density-dependent tree mortality due to competition. Both hypotheses lead to spatial distributions that are in qualitative agreement with the patterns observed in the field. Therefore, the classical view that a clumped seedling distribution and a random pattern of older trees is due to clumped regeneration and density-dependent mortality may not hold for Acacia trees in the Negev.
Introduction
It is widely accepted that spatial heterogeneity and interactions are important to the population dynamics of plants. For example, plants need safe sites (i.e. microsites that provide optimal water and shade conditions ; Green 1983 ) for germination and they interact positively and negatively with neighbours, which influences their Do spatial effects play a role in the spatial distribution of desert-dwelling Acacia raddiana? survival and growth (e.g. Berkowitz et al. 1995; Callaway & Walker 1997; Holmgren et al. 1997) . These spatial influences result in temporally variable, spatial patterns of plant distribution. For example, competition may result in the death of weaker individuals and thus increase the spacing between these plants over time (Smith & Goodman 1987) . If spatial processes of population dynamics have a strong influence on spatial patterns of plant distribution, then these spatial patterns necessarily do contain information on population dynamics. Therefore, it should be possible to learn about population processes by investigating spatial patterns of plant distribution. However, as the spatial pattern may be influenced by many factors such as spatial heterogeneity, spatial interactions and other spatial processes, one can not expect to clearly identify the set of underlying factors and processes underlying an observed pattern (Lepš & Kindlman 1987; Lepš 1990) . Nevertheless a pattern analysis is useful for the generation of realistic hypotheses to be further investigated by other studies (Lepš 1990; Levin 1992) . Or in the words of Besag (see Ripley 1977) : spatial statistical analysis usually provides helpful insight into situations rather than definitive conclusions.
Statistical pattern analysis has been employed for many years in field-oriented studies (e.g. Cottam 1955; Greig-Smith 1961; Sterner et al. 1986; Dale & Mah 1998) . Sometimes, several similar study sites are investigated (Leemans 1991; Jeltsch et al. 1999 ) in order to refine conclusions. Other studies investigate several sites differing in one or more aspects (Phillips & MacMahon 1981; Skarpe 1991) , thus facilitating the consideration of the influence of these aspects. However, patterns observed in the field are always snapshots and do not give information on the temporal variability of the system under study. From the pattern alone, it is not clear if the actual pattern observed represents typical characteristics or if these characteristics are highly variable over time. The latter is very likely in event-driven systems as can, e.g., be found in (semi-) arid regions (T. Wiegand et al. 1995; K. Wiegand et al. 1998) . Information on temporal aspects of spatial patterns may be gained by the use of spatially-explicit simulation models T. Wiegand et al. 1998 ). This approach, however, implies that the population dynamics of the plants under study is already relatively well-known. In simulation models, the inevitable gaps in knowledge are filled by plausible assumptions and educated guesses of parameter values. The assumptions and the parameter values are then varied in different model scenarios. Runs of different model scenarios and comparisons of the resulting patterns to the patterns observed in the field may then reduce the range of possible scenarios, and thus increase our understanding of the processes driving the population dynamics.
In this paper, we try to uncover factors and processes driving the population dynamics of Acacia raddiana in the Negev desert of Israel with the help of a spatial pattern analysis of both field data and model results. Investigating the spatial pattern regarding the population dynamics of this species is highly relevant, because these ecologically important trees are believed to be endangered (Danin 1983; Ashkenazi 1995) . In Israel, the distribution of A. raddiana is largely restricted to ephemeral riverbeds (wadis). We believe that the flash floods occurring in winter dominate the distribution of A. raddiana by re-distributing seeds that have fallen from trees. Wadi morphology is unlikely to be an important factor for tree distribution, because K. Wiegand et al. (2000a) could not find a relationship between tree distribution and wadi width, slope, or curvature. Therefore, we expect trees to be randomly distributed. We analyse mapped tree distributions of two study sites using a scale-dependent pattern analysis technique, the ring statistic (T. ; see Methods: Point pattern analysis). Furthermore, we use a simulation model to study the temporal development of the spatial pattern under two (seemingly) contrasting hypotheses. The patterns observed in the field and under the model are compared in order to evaluate the two model scenarios.
Methods

Study sites
The study has been conducted in two wadis, Nahal Katzra and Nahal Saif, near the Arava valley in Southern Israel (Katzra: 35°08' E, 30°32' N, Saif: 35°10' E, 30°52' N). All precipitation falls in winter (Katzra: 38 mm, Saif: 45 mm) and results on average in about one flood event per year (Stern et al. 1986 ). In both wadis, a section (Katzra: 1.5 km, Saif: 2 km) containing ca. 200 living trees has been mapped. The study areas were restricted to the riverbeds, because trees do not grow outside the wadis. The only tree species present was A. raddiana. The other plant species that occur there are mainly Retama raetam, Ochradenus baccatus, Zilla spinosa and Anabasis articulatus, all of which occur at low density (< 5% total cover). Annual plants do not occur in the wadi in any significant density due to the erosive action of the annual floods.
Simulation model
A previously developed simulation model (SAM) of the population dynamics of A. raddiana in the Negev desert has been used to simulate the spatial dynamics of A. raddiana for 100 years, taking Nahal Katzra as an example. A description of the model is given below, with further details available in K. Wiegand et al. (2000c) , K. Wiegand et al. (2000b) . A sensitivity analysis is given in K. . Ward & Rohner (1997) and Rohner & Ward (1999) provide further biological information.
General aspects
SAM is a spatially-explicit, individual-based, stochastic simulation model. The model keeps track of the location and size of each individual and differentiates between seedlings (trunk circumference TC < 15 cm), subadult trees (15 cm ≤ TC < 45 cm) and adult trees (TC ≥ 45 cm), and dead trees. Dead trees are considered, because they remain standing for ca. 10 yr (Ward & Rohner 1997) . SAM works on a yearly basis, each year being subdivided into a summer and a winter period. In both periods, growth and mortality of seedlings and trees and mistletoe infestation and deterioration in moisture status of trees take place. Seeds are produced in summer, while seed dispersal and germination occur in winter. Furthermore, in winter, dead trees may fall down and hence become removed from the simulated population. It is assumed that seed distribution and the fall of dead trees are dominated by the flood events occurring in winter.
SAM is a spatially-explicit model and consists of cells that are 5m × 5m in size and thus represent the typical canopy size of an adult tree. One cell may contain an arbitrary number of seedlings, trees, and dead trees, but due to the low plant density, cells rarely contain more than one living or dead tree. However, high numbers of seedlings are common after mass germination events. Patches of 16 (4 × 4) cells are grouped into 'supercells'. All 16 cells within a supercell are assumed to have the same morphological properties. That means supercells deal with information related to wadi morphology while cells are designed to administer information on Acacia individuals. Even though the entire modelled area is rectangular and contains both wadi bed and some area outside the wadi, plants may grow in supercells located within the wadi bed only. Our two stage (cells, supercells) approach enables us to spend only minimal computer memory for the basically empty areas outside the wadi bed as well as to minimize computing time (for details of implementation see K. .
Weather
The weather regime used in SAM works on a yearly basis. Based on an evaluation of rainfall data from weather stations close to Nahal Saif and Nahal Katzra with respect to the biology of A. raddiana, SAM distinguishes between good (23%), intermediate (61%), and dry (16%) years. The sequence of good, intermediate, and dry years was determined with a random number generator and is the same for all simulations. This allows us to compare single simulation runs across different scenarios. The weather regime chosen is typical and includes periods of good as well as periods of bad longterm weather.
Seed distribution
Seed distribution is considered in good years only, because only then seeds may germinate (see section Seed germination). SAM follows the destiny of each seed individually. It is assumed that, due to wadi morphology, seeds will be distributed by flood events in a spatially uneven fashion. This module is not meant to realistically simulate the distribution process but rather the essential features of its outcome. Numbers given below are educated guesses and will be varied in model scenarios. We are interested in modelling the seed distribution with respect to future germination and recruitment events and are therefore specifically interested in areas that receive noticeably more seeds, so-called 'seedattractive' areas. Therefore, seed distribution is modelled as a two-stage process. The first step consists of the identification of 'seed-attractive' and 'normal' supercells (patches of 16 cells). On average, seed numbers in attractive supercells are five times higher than in normal supercells. Based on the assumption that the current distribution of seedlings in the field reflects seed-attractivity, we initially (year = 0) identify those supercells as seed-attracting, that contain at least one seedling (e.g. 20 of 669 supercells in Nahal Katzra; seedlings were censused in the field at the end of the wet season and again in the middle of the dry season). During the course of time, seed-attracting supercells become relocated in order to simulate temporal changes in wadi morphology due to winter floods. In years with good weather, that is with good rainfall resulting in heavy floods, each seed-attracting supercell has a 5% chance of relocation. Based on the actual seed production within the wadi and the ratio of seed-attracting to normal supercells, the average number of seeds per seedattracting and per normal cell is calculated. In the second step, the actual number of seeds within a given cell is drawn from a negative exponential distribution with corresponding mean. This introduces a clumped seed distribution with many cells containing few seeds and few cells containing many seeds.
Seed germination
In arid regions, germination primarily depends on local water availability (Coughenour & Detling 1986; Kennenni & van der Maarel 1990 ). Local water availability is a result of both regional and local features. SAM considers the regional feature 'weather' representing the overall water availability and the local feature 'abundance of safe sites'. In SAM, only those seeds may germinate that encounter both a good year and a safe site (cf. Miller 1994) . Note, that we do not consider a seed bank, because the survival of seeds into a second year is highly unlikely due to the extremely high seed infestation of bruchid beetles in the Negev (Rohner & Ward 1999) . McAuliffe (1990) showed that Cercidium microphyllum seeds in the Sonoran desert escape bruchids once they are buried. However, Acacia raddiana has a 95-98% infestation rate, much of which already occurs on the tree. Thus, by the time the seed gets to be buried, it has little chance of germinating. Thus, the situation for Cercidium microphyllum seems unlikely to be important in A. raddiana.
Again, the abundance of safe sites within the wadi is modelled outlining the essential features using educated guesses to estimate parameters. SAM assumes a heterogeneous distribution of safe sites within the wadi and divides supercells (patches of 16 cells) according to their availability of safe sites into three categories: (1) 90%, (2) 50%, or (3) 10% of the cell area provides conditions suitable for germination. Thus, a seed within a cell of category (1) has a 90% probability to be at a safe site. The classification of supercells is done randomly at the beginning of each simulation (year = 0; relative frequency of the three categories (1): (2):(3) = 1:2:1). Intermediate safety is most frequent because it is likely to find places that have an attribute good for germination but there are few that have all such attributes.
Mortality
In SAM, mortality of up to 2.5-yr old seedlings depends on rainfall. In good years, these seedlings have a semi-annual mortality of 60% (Rohner & Ward 1999; Ward unpubl.) , while in intermediate and dry years 80% and 100% of the small seedlings die. Mortality of older seedlings and trees follows the semi-annual mortality of 0.87% measured for A. tortilis trees (Ward & Rohner 1997) . Whereas the average mortality of trees follows that rate as well, the actual mortality risk of single trees depends on tree vitality.
Tree vitality is a function of tree moisture status. In Nahal Katzra, 3% of subadult and 8% of adult trees have a low moisture status, i.e. many dead branches. Therefore, SAM distinguishes between good and poor tree moisture conditions. It is assumed that trees in poor moisture conditions cannot recover to a good moisture status, while trees in good moisture conditions may deteriorate in moisture status depending on their infestation by mistletoes (trees have a semi-annual probability of 0.4% of becoming infested by the mistletoe Loranthus acaciae, K. , due to competition with neighbours, and depending on the long-term weather regime. Every six months, the actual risk of moisture status decrease is recorded for each tree showing good moisture conditions. Each of the following factors adds one 'risk point' in the balance: (1) bad long-term weather (i.e. five or more consecutive dry years), (2) one or more subadult trees living within the eight cells that are adjacent to the cell containing the tree under consideration, (3) mistletoe infestation, and (4) other pooled undistinguished factors. Subadult trees located in the same cell and adult trees in adjacent cells result in two 'risk points', whereas adult trees in the same cell account for three 'risk points'. Hence, each tree has at least one risk point (factor 4). The actual probability for each tree to worsen in moisture status is the sum of the 'risk points' divided by a scaling factor (500). For example, in Nahal Katzra each 'risk point' represents a moisture status deterioration probability of 2‰, a value determined via parameter fitting (K. .
Growth
Based on field data from the Negev and Kenya, growth in trunk circumference has been approximated by a constant yearly increment of 1.36 cm for seedlings and 0.74 cm for trees (K. Wiegand et al. 2000b : deterministic growth scenario); Kiyiapi 1994) .
Seed production
For example in Nahal Katzra, 50% of subadult and 87% of adult trees reproduce within a given year. Potential seed production S of these trees depends on tree size (measured as trunk circumference TC): log S = 3.84 + log TC × 1.11
(1) (Ward unpubl.) . However, a poor moisture status as well as mistletoe infestation reduces the canopy volume available for seed production. Therefore, SAM reduces the number of seeds produced on an individual tree by 50% if its moisture status is poor and additionally by the proportion of the tree canopy covered by mistletoes.
In the Negev desert, seed infestation of A. raddiana by bruchid beetles (mostly Bruchidius arabicus and Caryedon palestinicus) is as high as 97%. Furthermore, it has been determined that 93% of the seeds are lost for Acacia reproduction, because they are transported out of the wadi by floods and ungulates and many seeds eaten by rodents and ungulates are destroyed (K. Rohner & Ward 1999 ; see also Halevy 1974; Murray 1986; Hauser 1994; Miller 1994; Miller 1996) .
Hypotheses and translation into model scenarios Hypothesis 1
Our first hypothesis reflects our expectation of randomly distributed trees, as explained in the Introduction. We hypothesize that there is spatial heterogeneity in seed distribution, germination, and seedling mortality, but that these heterogeneities are not correlated with each other. In SAM, seeds are most likely to become distributed into seed-attracting cells. Then, germination is best in cells with the highest density of safe sites. Survival of very small seedlings depends on weather, but is independent of location. Therefore, there is some degree of spatial heterogeneity in SAM. However, the rules introducing spatial heterogeneity are uncorrelated with each other. Therefore, the first hypothesis is realized in the model as described in the section Methods: Simulation model; we will refer to this version as scenario (1).
Hypothesis 2
Our second hypothesis is that there are areas suitable for establishment. Therefore, we will introduce a model scenario with correlation between seed-attractiveness, safe-site density and seedling survival. However, in this form, we would obtain an extreme tree distribution with most trees growing in those areas where establishment takes place. In the field, trees are not clustered in such an obvious way. Therefore, we assume that the suitability of specific wadi areas for establishment is temporally variable, for example due to changes in local wadi morphology caused by flood events. Furthermore, we introduce a higher competition between trees. We ex-pect the competition to counteract strong clustering of trees introduced by the correlation of the spatial aspects of tree establishment.
In scenario (2), five rules are altered in comparison to scenario (1). Comments in squared brackets refer to the respective circumstances valid under scenario (1).
i. Average seed numbers in seed-attracting supercells are ten [five] times higher than in normal supercells.
ii. All seed-attracting supercells have the safe site density of category (1) 90% (cf. Methods: Seed germination) [uncorrelated] .
iii. In intermediate years, small seedlings (first 2.5 years) suffer a mortality rate of 70% [80%] if they grow within a seed-attracting supercell. However, mortality of small seedlings in normal, not seed-attracting supercells is 100% [80%] in intermediate years. The mortality rate of 70% has been chosen, because this rate assures that adult tree densities differ only slightly from densities under scenario (1). Small seedling mortality in dry (or good) years remains unchanged since we assume that conditions are very bad (or good) for all seedlings in those years. In intermediate years, older seedlings might find more suitable conditions in seed-attracting supercells as well, but we assume that this is counterbalanced by competition due to higher seedling densities. Therefore, mortality of older seedlings remains unchanged.
iv. Seed-attracting supercells have a chance of 25% [5%] to become relocated in good years.
v. Trees receive more 'risk points' for deterioration in moisture status (resulting in a higher mortality risk) due to competition with nearby trees. Subadult trees located in the same cell and adult trees in adjacent cells result in 200 [2] 'risk points', whereas adult trees in the same cell account for 300 [3] 'risk points'. This seemingly strong increase in deterioration risk has been chosen, because it was known from simulation experiments not shown here, that a more moderate increase has no noticeable effect. Most importantly, one needs to keep in mind that the probability to deteriorate in moisture status is the sum of 'risk points' divided by 500.
In order to be able to evaluate the influence of each of the five rules that are different in the two scenarios, we will move from the first to the second scenario by changing the rules in a stepwise fashion until we have arrived at scenario (2).
Simulations
All simulations presented in this paper are based on Nahal Katzra, i.e. the wadi outline and the initial condition and spatial distribution of seedlings, trees, and dead trees corresponds to the situation in Nahal Katzra. Each simulation consists of a single run comprising 100 yr. For all simulations, the weather regime is kept constant, that is the sequence of good, intermediate, and dry years is the same for each simulation.
Point pattern analysis
Both the tree distributions observed in the field (see K. Wiegand 1999; 2000a) for graphical displays of the spatial tree distributions) and those produced by the model were analysed using a derivative of the scaledependent 'ring statistic' (T. ). The ring statistic gives the frequency/probability of finding a plant of type B at distance r from a plant of type A (Fig. 1) . By comparing observed plant assemblages/ communities to assemblages /communities with random plant locations, we use the ring statistic to determine whether plants of type B are significantly clumped, randomly distributed or significantly dispersed at distance r from plants of type A. Both univariate (A = B) and bivariate (A ≠B) analyses are possible. Clumping may, for example, reflect certain regeneration regimes (nurse plants, occurrence of safe sites), while dispersed patterns may indicate competition. Random patterns can be explained by the mutual obliteration of effects leading to clumping and dispersion or by no spatial interaction at all (see Jeltsch et al. 1999 for more examples and references). The ring statistic is a selective, scale-dependent measure; i.e. it can detect if plants of type B are clumped at distance r 1 but dispersed at distance r 2 from plants of type A.
The basic idea of the ring statistic is to compare the number of trees that are concurrently within a ring and the wadi bed to the number of cells within this ring and within the wadi bed, thus calculating a density. This sampling technique involves the placement of a circular sample ring of radius r ± Dr/2 around individuals of type A and counting the number of individuals of type B intersected by the ring (Fig. 1) . Note, that this is not the same as counting the number of individuals within a circle. In this way, from the position of each individual of type A, the density of individuals of type B is determined for a range of discrete distances r from the location of that individual. Thus, the ring statistic is individual-centred (sensu Podani & Czaran 1997) . Finally, the density profiles observed from all individuals of type A are summed up, resulting in the statistic O AB (r).
For ease of implementation we did not use smooth rings, but rather took advantage of the grid-based structure of the SAM model and used rings consisting of cells whose centre is located at a distance of r ± ∆r/2 from the centre of the cell containing an individual of type A. Thus, we chose r = 0 m, 5 m, 10 m, 15 m ... and ∆r = 5 m or, in terms of cells, r = 0, 1, 2, 3, ...; ∆r = 1. Furthermore, we determined the density of individuals of type B by calcu-lating the ratio of individuals of type B to the number of cells lying concurrently within the ring and within the wadi bed. This includes edge correction, necessary when parts of the circle put around an individual of type A lie outside the study area, in a trivial manner (for problems of edge correction in the related K-function analysis see Haase 1995) . A more formal description of the ring statistic is given in App. 1.
We conducted univariate analyses for living trees, dead trees, and living trees of certain size classes (for choice of size classes see Results) and bivariate analyses for small trees (seedlings) with respect to adult trees. For each field pattern analysed, we randomized the locations of all individuals 99 times (leaving all other attributes unchanged) using the pseudo-random generator r250 by Maier (1991) and recalculated the ring statistic for each of the resampled populations. For analysis of field data, we used the 5th-lowest and 5th-highest O AB (r) to define the lower and upper bound of a 95% confidence envelope for the null hypothesis that individuals of type B are randomly distributed at distance r from individuals of type A, because the probability that a observation is due to random among the five lowest (or highest) values is 5/100 (100 = 99 randomizations + 1 observation). However, for analysis of the numerous patterns produced by the model, this procedure would result in long simulation times. Therefore, we decided to analyse the model output via a simpler approach: the lower and upper bound are the lowest and highest O AB (r) of 19 randomizations (cf. Haase 1995; Martens et al. 1997 ; an analysis of the field data based on 19 randomizations can be found in K. Wiegand 1999) . If at a given distance r, O AB (r) of the population observed in the field or in the model is above (or below) the upper (or lower) limit of the confidence envelope, we say that the density of individuals of type B at a distance r from individuals of type A is significantly above (or below) the density expected from a random pattern. In other words, we will say that B is clumped (or dispersed) with respect to A at the distance r when O AB (r) is greater (smaller) than the upper (lower) confidence limit.
Results
Field
The overall density of living trees is rather low in both Nahal Saif (0.03 trees/cell) and Nahal Katzra (0.02 trees/cell). Fig. 2a shows the univariate ring statistic for all living trees (and seedlings) of Nahal Saif. At a distance of zero cells, tree density is significantly above densities expected from random patterns. In other words, trees are clumped within cells (5 m × 5 m). At distances of up to 14 cells, trees are still clumped, even though clumping is not as distinct. At larger scales, trees are distributed randomly. In Nahal Katzra (Fig. 2b) , trees are randomly spaced at all scales. However, there is a tendency towards clumping at the smallest scale (within cells). Furthermore, in Nahals Saif and Katzra (Nahal Saif shown only: Fig. 2c ), dead trees are randomly distributed. The same holds true for the density of seedlings (TC < 15 cm) relative to the distribution of adult trees (TC > 45 cm; Nahal Katzra shown only: Fig. 2d) .
Thus, A. raddiana follows largely our hypothesis of a random distribution. Only at very small scales, there is a clumped tree distribution for living trees. In the following, we want to find out if there are differences in clumping between age classes. Seedlings (TC < 15 cm) are significantly clumped at small scales in Nahal Saif, while trees (TC ≥ 15 cm) show a slight tendency towards clumping only (Fig. 3a, b) . We find the same pattern, if we look at A. raddiana with a trunk circumference smaller (Fig. 3c) or greater than 45 cm (Fig. 3d) , but the pattern changes when we divide the population into trees smaller or greater than 75 cm (Fig. 4a, b) . Trees smaller than 75 cm in trunk circumference are significantly clumped at small scales, but larger trees are distributed randomly. A similar analysis for Nahal Katzra shows that small trees are clumped as well, but only up to a trunk circumference of 45 cm (Fig. 4c, d ).
Model scenarios
We have two contrasting model scenarios: (1) No correlation in factors determining tree establishment and (2) high spatial correlation in tree establishment, but a lower correlation between locations suitable for establishment in time and an increased competition between trees. In order to be able to evaluate the influence of each of the five rules that are different in the two scenarios, we will move from the first to the second scenario in a stepwise fashion. First, we will show results of scenario (1), then we will change rule (i), rule (i) and (ii), and so on until we have arrived at scenario (2). In the field, we observed some clumping for small trees and random distribution for large trees. Therefore, we show simulation results for univariate analyses of seedlings (TC < 15 cm; Fig. 5 ) and trees (TC > = 15 cm; Fig. 6 ). Simulations (2). In each time step we distinguish whether the spatial distribution is significantly clumped (black), random (grey), or significantly even spaced (white) at the different scales. run under different rainfall scenarios (not shown here) give qualitatively very similar results. Minor differences are due to the stochastic factors occurring in individual model runs.
Figs. 5a and 6a show the number of seedlings and trees over time. Rapid increases in seedling density are due to periods of good weather, but only longer periods of good weather lead to recruitment as is reflected in an increase in seedling numbers starting in year 32. In scenario (1), we observe that seedlings are clumped at small distances in some years, but randomly distributed in others. Obviously, the appearance of clumping is related to germination events (Fig. 5b) . Besides some spots of clumping (e.g. at zero distance) and spacing, trees are distributed randomly (Fig. 6b) . If we increase seed-attractivity (i), clumping of seedlings persists over longer time periods and leads to a more pronounced clumping of trees at large scales in year 60, just after some good years (leading to recruitment; Figs. 5c and 6c). The correlation between seed-attractivity and density of safe sites (ii) extends the range of scales at which seedlings are clumped, but does not change the pattern in time (Fig. 5d) . The clumped pattern of trees is changed only slightly (Fig. 6d) . Relating seedling mortality with both seed-attractivity and density of safe sites (iii) clearly increases clumping of seedlings in both time and spatial range (Fig. 5e) . After some years (necessary for seedlings to grow up and become trees), there is also a very pronounced clumping of trees (Fig. 6e) . This clumping is reduced by a higher relocation rate of seed-attracting supercells (iv; Figs. 5f, 6f). However, we observe also some regular spacing of seedlings at a scale of 5 -14 cells. As expected, an increase in tree competition has no effect on clumping of seedlings (besides some changes due to random effects), but notably decreases clumping of trees over time (Hypothesis 2; Figs. 5g, 6g) . The pronounced clumping of trees at small scales after year 60, is obviously due to the large recruitment event sustained by the occurrence of further good years. As these young trees grow up, they compete with each other, thinning the clumped pattern.
Discussion
An interpretation of spatial patterns requires an understanding of the temporal variation of these patterns (Ives & Klopfer 1997) . In all model scenarios, we observed that the spatial distribution of A. raddiana is highly variable in time. This variability is related to the high variability in seedling density over time and the resulting clumped spatial seedling distribution. We have snapshots of the spatial tree distribution of two field locations only. Therefore, a comparison between field and model results has to be conducted cautiously. In the field, we observed clumping of small trees at small distances, however 'small' trees has different meanings in the two study sites. In Nahal Saif, trees of up to 75 cm trunk circumference show clumping, but in Nahal Katzra clumping ceases at a size of 45 cm. Assuming that this is not the result of an unknown environmental factor controlling the distribution of the trees, this observation can be can be taken as a confirmation of our view that the spatial pattern varies over time, meaning that our two study sites are at different stages. From this point of view, the spatial patterns observed in the field and under scenario (1); (there is no correlation in factors determining tree establishment) coincide quite well. Random distribution dominates the spatial pattern, and seedlings exhibit some clumping at small scales. With an increasing degree of correlation between factors supporting establishment, clumping of seedlings as well as clumping of trees increases and leads to a persistent clumping of trees on all scales observed. The spatial decoupling of recruitment and competition between trees decreases the spatial range and temporal persistence of the clumping and leads back to patterns that coincide quite well with observations from the field, supporting scenario (2). Therefore, both of our 'contrasting' scenarios seem possible.
The second scenario coincides well with the widespread opinion that a random distribution of adult trees and a clumped distribution of seedlings can be explained by clumped germination and subsequent thinning due to competition (e.g. Greig-Smith & Chadwick 1965; Phillips & MacMahon 1981; Prentice & Werger 1985; Sterner et al. 1986; Haase et al. 1996 Haase et al. , 1997 Martens et al. 1997) . However, even though we did not disprove this hypothesis, we showed that there is an alternative explanation: A decreasing aggregation with age can also be caused by relatively high, density-independent mortality as given in SAM (hypothesis 1). Clearly, this hypothesis may explain the disappearance of clumping with tree age, but not even spacing of large trees. Thus, hypothesis 1 is not applicable to systems that show a transition from clumping to even spacing with increasing age as observed by Phillips & MacMahon (1981) , Haase et al. (1996) , and Martens et al. (1997) , but not observed by Greig-Smith & Chadwick (1965) . The transition to even spacing has been explained by competition for water (Phillips & MacMahon 1981) . However, even though water is scant in deserts, competition for water might not be a crucial factor to survival, because due to the harsh environment, many species seldom attain densities high enough to result in competition (Went 1955; Halevy 1971; Briones et al. 1998) .
Clumping of Acacia seedlings has been observed in several studies (Greig-Smith & Chadwick 1965; Smith & Goodman 1987; Kennenni & van der Maarel 1990; Skarpe 1991; . Acacia seedlings are often absent beneath adult conspecifics but concentrated at the periphery of adults, which is due to a trade-off between the effects of seed distribution (leading to many seedlings beneath the seed-producing tree) and seedling mortality (which is highest beneath trees; Smith & Goodman 1987; Smith & Shackleton 1987; Kennenni & van der Maarel 1990; . However, seed distribution is different in ephemeral riverbeds, because seeds are redistributed by flood events. This view is confirmed by our pattern analysis, because we found no significant departure from randomness when analysing seedling distribution relative to the distribution of adult trees. Further, this indicates that vegetative reproduction, e.g. observed by Halevy (1971) for A. albida in the Negev and by E. Schulz (pers. comm.) for A. raddiana in the Sahara, is absent in A. raddiana in the wadis of the Negev, because vegetative reproduction would have lead to clumping of small trees surrounding large trees. From an analysis of size-frequency distributions we were able to show that recruitment of A. raddiana is heterogeneous in time (K. Wiegand et al. 2000b ). Here, we found that recruitment is also heterogeneous in space. Water is a factor crucial to germination and early seedling establishment of Acacia species (Kennenni & van der Maarel 1990; Wilson & Witkowski 1998 , but see Smith & Goodman 1987) and can explain both temporal and spatial heterogeneity of Acacia establishment.
The motivation of our study was to improve our knowledge on the factors driving the population dynamics of A. raddiana in the Negev by investigating the spatial distribution of these trees. Even though our study could not reveal a unique set of processes underlying the observed patterns, it is an important step in our search for driving mechanisms. We learned that recruitment leaves tracks in the spatial pattern of A. raddiana and we are confident that it will be possible to learn more about the recruitment from a more intensive study of spatial patterns. An investigation of the spatial patterns of many locations that experienced different weather regimes over the last years and a study of the relationship between weather and the tree size at which clumping of small trees ceases may give new insights into the relation of weather and recruitment. Finally, an important contribution of scale-dependent pattern analysis towards future field studies is that pattern analyses give important indications for the scales at which future studies should be conducted (Getis & Franklin 1987; Jonsson & Moen 1998) . (2) counts the number of plants of type B at distance r to plants of type A, while the denominator represents the number of cells of distance r away from all cells containing plants of type A. Note that all summations are plant-based (not cell-based), meaning that cells containing more than one plant will be counted more than once.
